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The purpose of this thesis was to examine guidance and control 
Seniciencies in a bank to turn (BIT) cruise missile with lim- 
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meomwmcegree Of freedom simulation Of a tyoical BIT missile 
Voowmerano lated 1nvo FORTRAN H from the Continuous System 
HeQeliiang Program (CSMP) Simulation language and run on the 

TEM System 3/0 computer. Tests were conducted with the revised 


DD , es 1473 EDITION OF 1 NOV 65 1S OBSOLETE 


0; 
S PO Tog F-91452 : 
ee ee cURTRVic Nase IC ilemcni ac ORCe (When Data Entered) 


hal Tea je 


SECURITY CLASSIFICATION OF THis PASE (When Osta Entered) 
a 





simulation program to examine the effects of electronic 
countermeasures (ECM) blinking and glint upon the missile's 
control system and accuracy against a simulated medium sized 
combatant vessel traveling at 20 knots perpendicular to the 
missile's track over the earth. In addition to the standard 
attack profile involving a popout attack, several other attack 
profiles were tested including skid-to-turn (STT) control 
laws and a ballistic trajectory. Miss distances varied from 
3.7 feet without ECM or glint to 85 feet with ECM overatiies 
Susceptibility of the missile to ECM blinking varied with the 
blinking frequency. The largest miss distances occurred with 
ECM frequencies below 0.2 Hz and near 6.0 Hz. Analysis of the 
data showed that errors at the low frequencies were primarily 
caused by the bank command loop of the autopilot. Those at the 
higher frequency were due to the roll rate command loop. 
Variation of the geometry of the missile's flight profile 
had no significant impact upon missile accuracy except that, 
without a popup maneuver, the roll rate channel demonstrated 
a marked decrease in effectiveness. Variation of the autopilot 
gain in the roll rate control loop changed the frequency at 
which degradation occurred but actually increased its effects. 
Skid to turn control laws were tested however the missile 
was unable to produce the necessary sideforce needed to track 
a passive target and produced undesireable coupling in the 
flight controls. An attempt to use the altitude command channel 
to fly a ballistic profile was unsuccessful due to instabilities 
created in the control system. It is recommended that a popup 
Maneuver be included in the terminal guidance of a BTT cruise 
missile and that further tests be conducted to determine the 
extent to which autopilot midifications and gain adjustments 


can decrease the effectiveness of an ECM blinker against a 
BTT missile. 
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typical BTT missile was translated into TORTRAN 4H from the 
Continuous System Medelling Program (CSP) Simulation 
language ani run on the IBM System 379 computer. Tests were 
conducted with the revised Simulation vrogram to examine the 
effects c& electronic countermeasures (ECM) bilnkilLgq iia 
glint upen the missile’s control system and accuracy agamaee 
a Simulated medium sized combatant vessei traveling at 2% 
knots perpendicular te tne missile's track over the earth. 
im additior to the standard attack profile involv ie 
EsDoOuty dttack, several other attack profiles were tested 
ingluding skid-to-turn (STT) control laws and a baillveieee 
trajectory. Miss distances varied fron 3.7 feet withcut EC" 
Or giant to 85 feet with ECN operating. Susceotibilie gee 
the missile to ECM biinking varied with the FEilinking 
Frequency. Tne largest miss distances occurred with :=c* 
frecuencies Lelow 0.2 42 and near 6.9 HZ. Analysis Opi 
cata Showed that errors at the low ‘frequencies were fpriza- 
rily caused by the bank command loop of the autopilot. Those 
at the higher freguency were due to tne roll rate ccmmand 
loop. Variation of the geometry of the missile's flight 
profile haét no Significant impact upon missile accuracy 
except that, without a popup maneuver, the roll rate charnel 
demonstrated a marked decrease in effectiveness. Variation 
of the autcrpiiot gain in the roll rate control loco Changed 
the frecuency at which degradation occurred but actualiy 


inereasen its effects. Skid tc turn control laws were tes uce 


nmowever the missile was unable to produce the necessary 
Sidefcrce needed to track a passive target and fproduced 
meoesireetle coupling ™in the £lignt controls. An attemot to 
use the altitude command channel to fly a ballistic prcfile 
was unsuccessful due to instarilities created in the control 
system. It is recommended that a popup maneuver be included 
ithe terminal guidance of a BIT Cruise missile and tnat 
Further tests be conducted to determine the extent to which 
aitopilot modificaticns and gain adtustments can decrease 


the effectiveness of an ECM blinker against a BTT missile. 
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I. INTRODUCTION 


fee DACKCROUND 


mon = fO= TUE aCe) control is utilized extensively on. 
missiles which must cruise for long ranges within the atnos- 
phere. These missiles utilize a cimary lifting surface 
(wing) and smaller centrolling surfaces as on a conventional 
airplane. This method has two primary advantaces. First, the 
Wing provides lift to support the missile'ts weight at a 
relatively high efficiency thereby permitting longer ranges 
for a given size engine and fuel load. Second, tne ae t 
vector can be positicned by banking the missile to provide 
large iateral accelerations resulting in excellent turn 
performance. Cerin end eri Seunissiie “Con rrgiimat ions, 
hewevVer, use differential tail for roll control as oprosed 
Poemallerons and suffer from poor roll rate and acceleration 
feeeormance, Jt is the investigation into the control iimi- 
MeelLons cf a BTT Cruise missile configured this way in the 


terminal homing phase which is the subject of this thesis. 


Bee LAT ENENT OF THE PROBLEM 


In order to provide compact storage of a BTT missile, 
the main wings are usually foided back and designed to snap 
into fositior as the missile emeryes from its cannister at 
faunch. Because of this feature, it 1s generally not 
Feasible to install rcll control devices at the extremities 
Of the wings. Roll ccentrol is nhormally provided by differen- 
Bids acttation of the tail fins of the missile. Because of 
their shert moment arm and small area and because the main 
wing has arelatively large degree of roll damping, ETT 


missiles are limited in their abilitv to roll rapidly. 


Because of the need to Fank the missile in order to 
align its lift vector in the desired direction it has heen 
sugcested that the reguiremernt for rapid roll maneuvering in 
the terminal phase ot fimehewvould limit the accuracy o 
missile. In addition, natural fluctuations in the fos 
O=- the radar target, knownmes JGlint, Qnd ape re va) mee 
tions due to the preserce of electronic counterrea 
(EG) Might further degrade the pertformance of a 


Pesca ce 


C. MISSION SCENARIO 
1. Control Configuration 


The missile simulated in this thesis is a hyrothet- 
a¢al Frank to *€urn eryise missile sith limited roll céimamen 
authority. its design incorporates characteristics typical 
of many Similar desians. The missile 1s equipped with 4 
standard rudder for yaw control and stabilators for both 
Boman d Ditene eoemu LCi. Inner loop closures for stabiliza- 
tion and command are included in the simulation. Command 
loop closures consist of normai acceleration, bank angle, 
and lateral acceleration. Tne lateral acceleration command 
system can Le used aS a turn coordinator in the bare«-to-turn 
mode (normal) mode or as a lateral load factor (NY) comman? 
SVSeeN Sin a @SKid=te=tunn mode. Outer loop closures are 
provided for altitude and flight path angle. The aut ¢cpeiitee 


contrcl loop design is presented in detail in [Ref. 1]. 
2- Target 


The target is assumed to re a surface combatant shiv 
located initially 24,000 feet due North from the missile and 
moving Fast at a constant speed of 20 Knots. It is assumed 
that the missile seeker tracks an ain point rerfectlyv. The 


aim point is located nominally 10 feet above the sShic's 
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Paeeatine and anidSh teem oe aim @point continually shifts 


PPerinet lon Of SCwweining and a2MBancon giint Simula*ien. 


eee §CM Simulat wor 


Steele Owen ousrillat Ol psmiats the Beadar target 
seen by the missile's seeker forward and aft from the true 
famget dim point by 475 feet along the ships Llongitudinai 
axis at a Specified frequency. The aim point 1S simultane- 


ousiy shifted vertically +10 feet at the same frequency. 


4. Attack Profiles 


The attack profile used as a baseline for this siau- 
lation began at 50 feet of altitude at a speed of Mach 0.75. 
The missile tracked toward the target 1Sing proportional 
Navigation in azimuth and altitude nold at 50 feet. At a 
range ot 18009 feet the missile rolled to 60 degrees of Dank 
and turned away from the target to the right until the 
target line of sight was offset by 10 degrees. When the 
offset was reached, the missile climbed to an altitude of 
approximately 259 feet and then dove toward the target using 
EmoPpOrtional navigation in both azimuth and elevation. This 
mission profile is often referred to as a popout attack. 

VibtobEOnsnOnmenas MISsion anelwded elama nat ie sine 
10 degree offset turn and/or the climb to altitude and 
Substituting skid-to-turn control laws for some phase cf the 


mission. A Lallistic altitude profile was also attempted. 


D. EXISTING WORK 


In order to exafine the existence of such problems an‘1 
to test several proposed solutions, a six dezyree of freedom 
Slimulaticn of a typical BIT cruise missile was produced by 
LCDR Kent Watterson and published in [Ref. 1]. This sinula- 


tion was produced using the IBM Continuous System Modelling 
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Program (CSP III) simulation language. "~Aw@etrailed (eScuieee 
tion of this language and ats constrictions Ys crescent came 
(Rel. 2a nem CL. es ie The simulation incluied iynamics, 
autopilot, cuidance and mission profiless™”}=@e did not Depmes 
sent anv srecific missile but, rather, incluéed charactcmaae 
tics typical oa MLSSlIeS Gen raaieee, Ln beim in “Cagis 
to overcome limitaticns imposed udon the simulation pregran 
Ey the available computer irstallation, this CSMP pxrcaimae 
was rewritten in extended FORTRAN H. This allowed greater 
flexikility and full utilization of the DEISS®SIA gracieee 
programming package available at NPS. A complete covy of the 


program listing is presented in Appendix D. 


he oGer EROT ues. 5 


The tests conducted with the revised sinulation crogran 
were limited to exarining the effects of ECM blinking and 
Glint upen the missile's control system and accuracy against 
a Simulated mecium sized combatant vessel traveling at 20 
knots perpendicular tc the missile's track over the earth. 
Alternate attack profiles using modified flight gecmretrv 
and, in some cases, skid-to-turn control laws were also 
tested. A iisting of the different flight profiles examined 
1s presented in table I. 

For all flight tests of the missile, certain parameters 
were held constant. A list of these values is presented in 
tape sil. 
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AN yop Ege 


Missile Attack Profile Test Configurations 


(ne os DOR OEGU Tr Sh cay POP=Ur pf nnOoLrl> [ _ TUSN 4 
 cicnn i I | ce coh. el ee. ! 
| po | | | sf 
BASSLINE | X 6). Smeal. ae | 

| | : a | 
| ier : | fe | 0.5 | Bin | 
| a | 0.5 Mle ssa 
| | | | | | 
Iv | | x | 0.1 | Rog | 
Vv | i | 9.5 | wa | 

va | i | 0.5 | - | 


eda fa peg | a isles a |g ee ee 


* 90 degree Lank on ballistic terminal trajectcry 


See hee 


Simulation Variables Held Constant 


Variable Nane Value 
otek kek a RK KAKA RAK AKER AA KAKA KKK KARE KKK KA KKKKKH 


Radar Burn-Through Range pt t 
ECE Fewer Ss ihierts: 
Longitudinal tl Sn 
Lateral re Et 
Vertical + ieee t 
Baseline gma ance scheme: 
Offse 19 deg 
Popup Altitude Reo eee 
Popup kange NSO) mast 
Row. babe nat 73 dos 
Re eo ok ok ok ook cok oo ok ak ook ok ok ok ok ok ek ok etek KKK 
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It. PROGRAM DESC! 


Ait SD OE GrAeION OF TRE EQUAL ITONS wes -NOTLOR 


this Simulation uses the linear, Six degree o= recedes 
equations of Flight developed by Roskam in [Ref. S:vol 1} 
and modified by Hewett in [Ref. 4]. The CSMP program devel- 
oped Ey Watterson [Ref. 1} used a variable step Runge-Kutta 


integration method. The FORTRAN translation program uses a 


DNeEG RPO eT) = Vee YD 0O1) =D (ecn 2.1) 


Simnlie Eulerian integration which 1S given by equation 2.1. 
The incremental time element, DT, is fixed at 0.01 seconds 


and the integration period lasts for less than 390 seconds. 


B. PROGRAMA NOMENCLATURE 


A detailed description )o£ the nomenclature isei 
throughout the sSimuiatior program is presented in Apfendix 
C. The variable names used in the FORTRAN translation are, 
With Zew exceptions, the same as those used in the the CSMP 


Simulaticn. 


CC. VAMees ooo 


The Simulation uses a right handed earth ceference frame 


wrere the x-axis points North, the v-axis points Sastlage 


the z-axis points dcwn. However, altitude ani vertileau 
velocitv are always given as positive upwards (i.e. 
ALTITUDE = -Z). For ~lotting the geogqrarhae2! track in wae 


cutput routines, tne axes are transformez so that the 


X,Y¥,and & axes point ftast, North and upward, respectively. 
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D. PROGKAM ARCHITECTOFE 


The FORTSAN Simulation program consistS of an executive 
program which calls seven major subroutines which are 


brieZly describec as foliows. 


Abe Fxrecutive Proaran 


Piewtaint sca ances prOgcam 15 Short anil “nandles onl 7 
three tasks. It increments the TIME variable for each inte- 
Seation cycle. It calls the output data storage routine, 
PREPAR, at the specified output interval and it contrels the 
execution of multiple rlightS within a Single program cun 


changing one or more key variables between the runs. 


2. Sukroutine INIT 


This subroutine contains a small section of execu- 
table statements which resets variables to their initial 
value when more than one flight is flown during a progran 
mie Ineluded with this subrowtane is the BLOCK DATA sutrou- 
tine which must be used to initialize ali variables in named 
common areas. The majority of the BLOCK DATA subprogram is 
taken up with arrays listed in table form whick contain the 
aerodynamic coefficient data for the missile. tc demereoct— 
ficients which are functions cf one variable are shown in 
mmgures A.2 through A.9 Static coefficients which are func- 
tions of two parameters are presented in figures A.10 
through A.18 Dynamic coefficients are assumed to be constant 


and are not presented graphically. 


ce SUbEOU LIL Ne pia so N 


This subroutine dictates the mission profile. It is 
divided into sections which activate in sequence as the 
missicn frogresses. Fach section takes the flight dynamics 


Gata for the missile, compares it with the target 


Ve 


acquisition data (ce€nerated 1h SUDDOuUEIne  ITGINAY) arg 
outputs vertical and herizontal acceleration commands in the 
geogjgrarhic earth reference frame. These in turn are trans- 


lated into commanded bank angle and normai load factor for 


the missile according to equatiom@s Ze28ard” 2552 A Ciatyeeees 
PHIC = ARCTAN (AYC/AZC) (eqn Zee 
wae = S26 COS (ear) +7 nvemorn (2 Ho) (ecn 2559 


of these vectorsmis given in @igure@av 1.” edDiftfterent tenia 
attack profiles are implemented using variations oz this 
subroutine, MiSSN1 and @IISENZ, which are presented in 


Appendices E£ and F. 


4... Subroutine AriILOT 





This subroutine takes the commande? normal lcead 
factor ani bank angle and aprlies them to the missile 
autopilot syster. A detailed discription of the design of 
the missile's autopilct 1S presented in reference [Ref. 1}. 
The outnut of the ccntrol system is delivered in terms of 
conventional airplane elevator, aWleron and rudcer Ccentmod 
positions. These are mixed to obtain the conmanded missile 
tim pEoSitions. The control limits of +15 degrees are apes 
to the ‘fins and these controls are then unmixed to oktain 
the limited conventicnalcontrol positions. The dynamicsme- 
the serve actuators that move the tail surfaces are modelled 
aS. a L1ESt ordergzcal Tome: Although CSM®-IlIt” provi 
Macros that perform the simulation of many tvnpes of trarsfer 
functions within the Geontrol system only the first  Gidem 
real fole transfer function was necessary for this frogram. 
It 1s mocelled in tre FOPTRAN translation using subroutine 


REALPL, presented IMethe program iiSting “ies enmdix C. 


Subroutine AEFC uses two table lookup routines to 
retrieve tke aerodynamic coefficients from the data 
meesented in £1gunbes A.Z2 through A.18 Linear interrolations 
are used to obtain vaiues between given parameters. aia Ors 
messages are printed when the input varameters are outside 
the bounds of the data in the lookup table and these are 
Suppressed after about 5 successive integration cycles. AERO 
completes the buildur process, uses these data to compute 
the fcrces and moments on the aircraft and then integrates 
meen eCGUations Of motion to update all of the aircraft's 


flight parameters and position information. 


6. Subroutine IGINAV 


The TGTNAV sukroutine havigates the target vessel on 
mapegunse Of FaSt at ajsteady speel of 20 knots. it shifts 
the position of the radar target relative to its real fosi- 
meron according to the ECM and GLINT parameters. Die G Cnet © 
@erset 15 produced ky multiplying the GLINT shift in each 
axis by a random number between -1 and 1. The GLINI offset 
meamcaiculated every cutput interval rather than 100 times 
per second. The ECM offset is Switched according to the sign 
of a Sine wave which runs at the ECM blinking frequency, 
FREQ. These offsets are then added to the actual target 
positicn to produce the radar target position. Line of Sight 
angles and rates are calculated from this information with 
the assumption that the seeker has perfect pointing 


Gapatilityv. 


a SlcbOutdne VekPaAR 


At intervals specifiec by the outout counter, this 
Subroutine 1s called and stores up to 29 variables in a 


large array call PTS. The output interval used for all tests 


was ).29 sec. The PTS array is passed tO Gheeoucout route 
when the Simulation run is conpleted. THis SUDroutine alee 
converts output variakles from radian to degree format vane 
in the final attack phase, calcuiates foWr error funct domes 
These Error functions are time averaged differences Letween 
commanded variables (e.g. Prin OL ROL Zee) and their 
aGeda le ecuntempar esr These are later used to analyse the 


performance of the control system under various conditicns. 


Sa. “Submowraneso UIP Ue 


CUPPUS = Produces 3 LOLNS Gt OWtSUt Iitoemae rol. The 
primary data output lists the value of MISDST (the distagee 
at whick the missile passed the target at its closest 
approach), the value of the error functions at the end oO= 
the missicn, and tne ranges of all the variatles stored. 
These data are also printed to another file followed bv the 
fuli contents of the P®S array in tabular form. This gi vem 
numerical history of all the output variables from the start 
to the finish of the mission. (Normally, to save disk space, 
this file was routed to a dummy variable. It was needed only 
wher detailed data histories of 2 portion of the mission 
were required.) 

CUTPUT also calls the necessary DISSPLA routines to 
print graphs of the output variables. The indeperdent vari- 
abie In=srx qrapisS iro las. In the seventh graph the rosi- 
tions of the missile and the target ship are plotted in 
three dimensional space for each output interval. Ea chwom 
the graphs in this sufFroutine are controlled by the setting 
of 7 flags in the first column of the data statement at the 


breginniry of the routine (0 to pass over and 1 to frlot). 


Ze 


PL. sooo ACK CONFEGCUR ATION 


Ae AUICPILCT ROLL RATE COMMAND LOOP ADJUSTMENT 


nat ialMeresting @@mmmenme: Slmulation was condvewec “em the 
G@o"P version of the program. The frequency of the EC™ 
meer WaS Varle@gm@eeerom 0.208hzZ to a Maximum ef 2.0 Hz and 
the roll performance of the missile was graphed. Figure 
Pepi? shews the commanded roiil rate and actual roll rates 
BROttTed against time for the duration of a thirty seccnd 
Plight Straight toward the target at a constant aitituie of 
50 feet. The target's radar position was blinked at a rate 
Oreo.4 Zz and roll rate command was limited to 7/75 decrees 
per sec. In the figure, the command oscillations increased 
in magnitude as the target range decreased and, after 24 
seconds, the autcpilct commanded the maximum rate with every 
shift ct the target*s apparent position. While the ccmmanded 
roll rate remained at 75 degrees ver second, the actual roll 
rate never exceeded 235 degrees per second. Figure A.20, 
Mere Plots the fin fositions as a £Lunction of time, ¢hovws 
that the fin servos never used more than 3 degrees (of the 
maximum 15) of travel in either direction. To remedy this 
proklem, the missile autopilot roll rate conmand loop gain 
feee LAT in the program) was increased from 0.1 to 0.5. The 
value of this gain had been set by Watterson [Ref. 1] using 
root locus based upcecn the perturbation ecuatiors of motion 
[Ref£. 4] in steady state level flight. Pane Mie CO Sui. 2.1 pana 
A.22 show the results of a subsecguent run with the revised 
guidance loop. Steady state error in roll rate was signifi- 
cantly reduced and the Full range of available flight 
SOPtroms (+15 deg.) was used. This difference in the auto- 
pilot was incorporated into the baseline program and 


remained throughout all subsequent tests. 


ee 


Eee Pease Nh eek OGR AM 


In ecrder to provide a Laseline .veriotrmance Tree@me 
against which to exarine the effects of EG ard clint ascyen 
alternate attack prorites on the accuracy of the nissilewae 
the pericrmance of 1tS control system, a Standard,  )C tatemee 
attack with an offset turn was selected and fiown andis 
used as a standard for comparison. The parameters y¥hich 
apply to this baseline are #Histed in table fi. ‘Yigures ae 
through Aa.28 are a compiete record of the EFaseline progran 
run without any ECM or glint offsets applied to the targem 
Figures A.29 through A.35 are a complete record of the kase- 
line program run with the ECM blinker operating at O2ega 
and the glint feature operating. The complete takular data 


output from this latter run is presented in Appendix 3. 


iveeecREOUBENCY SCAN 2Ra7s5 


PemeornOk FUNCTIONS 


HOE ~testang the effectS of glint and ECM at yaricus 
Elinking frequencies against the control system of the 
missile, a guantitative measure of the system's effective- 
ness waS needed. Fcur error functions were developed for 
this purpose. The time weighted difference between the 
commanded value and the actual value of a variatle was 
computed according to equation 4.1 This time weighted error 


was Summed over all cf the time intervals and divided by the 


ERE = DT * ABS(COMMAND - VAPIABLE) (eon 4.1) 


total time to produce the error function for the variable. 


The variables for which these functions were computed are 


TABS > 1d 


Error Function Variables 


VARTABLE COMSAND. NA ni Ais bas 
ete te arate ee acct te chee otc eee Ae Ae ee See oh ee ee 
lism noni BANK 
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Moted in Tadle Iii. In the terininal phase where propor- 


tional guidance is used in both the azimuth and elevation 
Channels, the commanded azimuth and elevation angle rates 


mec  ZErQeEQ produce a constant bearing intercept. 


ae 


B. EGA PHAS TiNG 


At lew frecuency Elinkine rates, the phase of the wee 
blinker at the start cf£ the mission had a very iarsge erect 
on the miss distance. TO minimize the distortion of the aig 
due to this effect, a phase variable was added to the EC* 
generator to change tke phase of the Elinker at the start o£ 
each run. Four Funs were conducted at each zrequency usSiimg 
values of 0,0, PI/2, FI, (3/2) Fi for the phase variabie sea 
data for each frequency were averaged to get mean values for 


Ene iss .Gistancesand.cachwensr oF. f-inet ane 


Go 6BASELINE LEST ReeuiTs 


= a mba SS eo 2 = 


Four Simulated ‘flights were concucted at Wega 
Baceuency FEOM me. 0 tC 50 HZ. Glint was disarled for the 
course of these tests. The attack profile flown was the 


raseline porout attack mission. A graph of the nean value of 
the miss distance (MISDST) versus frequency is presented in 
figure A.36 The data show that maximun miss distance occurs 
in the very low freguency range of the the order of 0.2 Hz 
and again to a lesser degree in the vicinity cf 6 Fz. 
Figures A.4) and A.44 are plots of the error function means 
against frequency for the autopilot command errors and the 
tracking errors respectively. These data show that the bank 
angle command loop is susceptible to ECM freguerncies ci the 
order of 0.2 HZ while the roll rate command loop wie 
primariiy responsible for the errors that occur at _ the 
higner frequencies in the range of 5 to 10 Hz. Figure A.44 
aiso demonstrates that the tine averayed trackiny erzrers 
follow the same rFasSic pattern. 

Figures 4.48 through A.53 demonstrate tnese effects 


aba) estes tice Pigures A.9¢ and A.51 suow the Sanky angle ame 
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Bore trace  cerrormanece =e. the Daseline missile without ECA. 
Both “vVearliabies track closely to their conmanded values with 
the exception of a stall, steady state error in the rate 
Channel which is most evident at large comnarded rates. 
meguces A.-49 and A.s0 show the effects of ECM at 9.4 anc 6.) 
Pemeoon the bank Gnhanneio.s In Eigure A.49 Significant errors 
exist in bank as the system carnot keep up with the large, 
sudden changes in commanded bank caused Ly the ECM shift of 
the target. The bracket in figure A.49 is drawr betweer two 
corresponding points to emphasize the large lag present in 
tne channel. Roll rate tracks close to its commanded level 
meee nis Trequency. 

Demon) Hee bIGUreCSeito? dandelsso Show: the corccsite 
effect. In figure A.53 the bracket emphasizes the large lag 
that exists in the aircraft roll response to the rapid 
changes in rate command. The bank command loop at this 
frequency has effectively filtered out most of the high 


frequency irput. 


The results cf the frequency scan tests showed that 
the baseline BTT cruise missile simulated Ly the prograr was 
More susceptible tc ECM frequencies in the vicinity of 0.2 
ama o-.0 HZ due to the excitation of the bank and reli rate 
command loops respectively. if distances greater than 2) ft 
from the center of the target are considered likely misses, 
then the excitation of the roll rate command loop did not 
Produce enough error to cause a likely miss. The best 
results, from the target's point of view, will te obtained 


Meer low blinking frequencies in the vicimity of 0.2 #z. 


mam ttreets of Glink 


In order to isolate the effects of glint, the baseline 
Soret guretion was flown) without E@4 or glint and again with 


Weint only. rLQMEe A-s2 Stlows 2 trace of the ~random alint 


displacement applied to the target's position as a function 


of time. PiEgures @i2s through wA<7ee whick trace the 
missile's load factor, banx angle, roil rate and flight 
Contre) <Mw il eromieenga nt, mav be compared with figures A.54 


turough A.57 which shew the sane traces for she mission wgemee 
Gey he 

The miss distance recorded without glint and ar EC™ 
phase of 0 was 3.7 feet. The distance measured with glint 
WdiS onde 2 Comes Although these distances are very snall 
compared with the miss distances achieved with ECM, the 
degradation induced by glint was large (154 percent) 
compared to the best obtainable value. Ways OL Minimizing 
tre effect of random perturbations in the target position 
due to radar glint will make a Significant improvement in 
the missile's accuracy in the absence of ECS and should be 
developed. 

Since the miss distances without ECM and glint were 
very small compared to those obtained with very slow 
blinking freguencies (0.05 to 9.2 Hz), further tests should 
be run concentrating on ECM in the very low frequency range. 
These tests should obtain a much larger sample of ECM phases 
in order to best define the skape of the miss distance curve 
LolOwee.2 i 2. 


D. ALTERNATE COMPIGORATION FREQUENCY SCAN RESULTS 


1 ae SS Ole Ota 


Similar frequency scan profiles were flown using the 
MISSN1 (Appendix E£) Subroutine to generate the guidance 
commands for configurations I3,i111 and) Il¥euggthese aie. 
profiles committed the offset turn and proceeijied straight 
toward the target using sroportional navigation i? azine 
from start to finish. The popup maneuver was commenced at 
1>V00 feet from the target. Of ranges crom 20,000 to 5,003 
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feet which were testec, ieee O0 feet produced the  2cs 
Al 


}-~ 


Zoenmsie tent HhitS Wikenmcamen ft OOtT™ PODS altituce command. 
subsequent tests of these missile attack configuraticrs used 
feo e ut. popun range and a 200 £t- altituie command wher 
the maneuver was perfcrmed. 

An algorithm was added to the baseline propcertional 
guidance scheme for the terminal phase which ensured that 
the missile rolled to place the nearest of the positive or 
negative 2-axis vectcrs on the direction commanded bv the 
guidance system. This ensured that the missile wovlc ccmmare 
negative load factor rather than trying to roll the missile 
upsice down as it reached the apex of its climb. Azimuthal 
accelerations commanded by the guidance were stili achieve? 
by banking the missile except for contiyuration V. 

A complete set of mission profile graphs for config- 
meteerens Il, if, anc IV against a target with glint and =CM 
Eenking at O.2 HZ are presented in figures A.5S€ through 
ia SD 


2. Frequency Scan Results 


aS = —= —— a =e SS eee ee ce Se oe 


a. Miss Distances 


Dae eOUumicgiimatlOn Was shown sagalict the wtar ger 
four times per test frequency. The tests covered a range of 
Dlinker frenuencies from 9.05 through 30.0 Hz. The mean miss 
distances recorded are graphically presented as a function 
Maer nreguency in figures A.37 through A.39 The results 
obtained were very siffilar to those okttained from the [Lase- 
imme Configuration. There were two areas of higher than 
normal errors, one at low frequency below 0.2 Hz and another 
at a higher freguency near 6.0 Hz. Table IY compares the 
Miss distances for each of the configurations. 

The Maximum values that occurred for all config- 


urations appeared at the Same fre,uencies with one 


ee 


aeayoreve «LY 


Maximum Miss Distances 
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ECG ir caren: Changing the roll rate gain fron 0.5  Youmeme 


eliminated the maximum at the higher frequency. In additicn, 
the Magnitude of the errors didnot differ significanee 
(The Faseline shows a smaller magnitude because the data do 
not extend below 0.2 Hz.while the other configuraticns were 
tested down to 9.1 and 0.05 Hz). Chanying the attack geon- 
etry of the missile did not significantly alter its suscep- 
tibility to ECM jamming within the scope of these tests. 
Altering the gain of the roli frame command channel ine 
missile autopilot significantly decreased its suscentibi ie 
to ECM klinking, at higher frequencies. .Fusther tesimaame 
should be conducted to cetermine the extent to which auto- 
pilot modifications and gain adjustments can decrease the 
effectiveness of an ECM blinker against a bank to tura 


Missile. 
L. Alto pimkorer manors 


Figures A.490 through A.43 graphically present 
tne eC€rror function seror Geet ne tie. | bank aneleward ~= €i? tmama. 
command loops within the autopilot. Riseseerunctions ~ aE 


representative of the ability of the missile to follow the 
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commands given it by the autopilot (the higher the function, 
mre fOOrer the perfkormencess AS with twe™basicline configqura- 
tion these figures demonstrate that the banx anyle loop 
contrikuted mnost to the errors at low frecuency and the rcli 


Eee LOOCt Contributed most at the higher frecuency. ™@able*v 
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Autopilot Errors 
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1s a summary of these graphs. 

Magnitude “of™the bank error function and the 
Siemmrency at which it occurred were not Significartly 
altered in any one of the tested configurations. Changing 
the geometry of the attack had no effect on the frequency at 
which ECM was most effective against the roll rate control 
system, however the ragnitude of the errors were increased 
bw approximately 50 percent wher the popup maneuver was 
eliminated (configuration IIT). 

Decreasing the roll rate autopilot gain from 0.5 
to 0.1 (configuration IV) moved the resonant frequency for 


tre roli rate command system to a lower frequency but 


a 


increased tne magnitude of the errors by more than 109 
percent. This effect is reflected in th2 miss distance 
graphs (figures 4.36 through A.39) in the disappearance of 
the distinct Maximum at 6 HZ ard avwidening of the Heme 
faxemun (froeuwne &. 290 Altering the autopilot gain was 
effective at moving the resonant frequency to a dittepem 


region Hucwcould Eot clininaces ts eltcece. 
C.. Tracking Sys ele errors 


Errors in tke tracking loops are charted 


fi GUureS sAede. th POwGiene.d 7 2 These errors fellow the trends 
of the autopilot and miss distance errors. At the lower 
frequencies, azimuth performance was dominant while at 


higher freaquencies the elevation tracking loon experienced 


the largest degradaticn. 


S-)) Skie) fo furn Guidamce Results 
The MISEN1 subroutine was! further modiEiesa to aime 
the lateral load factor command variable, NYC, to ke set 


according to guidance commands rather than being kert at 
ZeLO Or turn coordination pusvoses. The commanded bank 
angle was set to zero in the terminal ohase ir crder to 
examine the effectiveress of lateral G command. No chances 
to the bkasig  dvnamics of the autopilot were rade. The 
missile was flown in this confijuration against a passive 
target. Figures A.76 through A.81 present the full data set 
from this test. The missile spiashed into the water 99 feet 
left and short of the target. Once the missile came within 5 
seconds cr impact, cress coupling between the rudder channel 
and normal load factor, roll rate and bank can be seen in 
the Figures. Althouyh the rudder commands were never satu- 
rated, neither could )the lateral! load saetom control vege 
create enough sideforce to follow the ship's lateral drift 


cCOw ene Ur Ve min. The addition GE ECM and/or Py glint would fave 


oe 


Mime ewOESenLed the performance Ox tne Missile an this ceritig- 
aa t 1 ON. lO tint iom—~—ecat Some Or this  COnrtiguration were 
Somewteceo, he USe [Or Skid-to-turn control laws could rot 
Pmeduce SUtficilemeesiderorce to aieguately tollow a@passive 
crossing target and produced excessive coupling into the 


Pongeatudindl! andedteral Z@light controls of the miscile. 


ioe Lal sti ce ananeeror Vv 
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Recause the majority of the apparent tarcet shift 
Meer be blinking occurs insthe Bemizontal plane, anmattempt 
Was made to place the missile ona ballistic trajectory and 
fren FOll the aircraft to 90 degrees angle of bank until 
impact using the primary load factor to follow the ECM 
warget and lateral load factor to wmaintain the ballistic 
Mmeegeectocry. in order to fly the ballistic trajectory, the 
altitude hold system was driven by acommanced altitude 
Slaved to a parabolic trajectory derived from the missiie's 
vertical speed and range to the target according to equation 


2 


ALT = HMDCT*RANGE/VE + (G/2)*(RANGE/VT)2 + 10 (egn 4.2) 


Le where HMDOT,VH and VT are the vertical, horizontal 
and tctal speeds of the missile. The controlling subroutine 
used for this mission was MISSN2 and 1S pypresented in 
Appendix F. 

figures “Wre2ethrougnsA.65 Show “tat themadditivonro:® 
the dynarics of the altitude command loop made the missile's 
control system unstable. Cscillations Ou Gite eel 1 cle 
Seeeiurred in normai load fAaclO nee ame rie) rate. 
Considerable cross coupling occurred between the lateral- 
Cirectional and longitudinal dynamics of the missile. The 
attempt to flv a ballistic trajectory uSing the existing 
altitude control system was unsuccessful. In order to flv 
the attempted profile, a major relesign of the missile's 


autopilot would bce necessary. 


as 


V. CONCLUSIONS 

The conclusions listed below were derived from analysis 
of the results of simulated s€@lights con@ucted using ier 
baseline popout attack profite configuration, three Vamerae 


tions o= the baseline attack, a skid-to-turn control comma 


UEationeandea, ballistic alteetude trajectory. 


A. BASELINE GORFIGURATION TESTIS 


At icw frequency blinking rates, the phase o£ the £CM 
Flinker had a very large effect on the miss distance. 

The best obtainakle performance for the baseline mission 
without ECM or glint was a miss distance of 3.7 fect an 
addition of GLINT preduced a miss distance of 9.7 feet, a 
degradation of 154 percent. 

The Fank angle ccrmand loop of the missile autcpilot in 
the Laseline configuration was especially susceptible tc EC 
frequencies of the crder of 0.2 Hz while the roll rate 
command loor waS primarily affected at the higher frequen- 
cles in the range of 5 to 10 Hz. The time averaged trackirs 
errors aiso followed the same basic pattern. 

Tf distances greater thar 20 £t Erom the center CHa 
target are considered likely misses, then the excitatimeniaw 
the rcll rate command loop did not produce enough errcr to 
cause a likely miss. The best results, from the target's 
point of view, will ke obtained with low blinking frequen- 


Gles “1s the vac hist wach. Olean 7 . 


Be. ALTERNATE ATTACK FROFILE CONFIGURATIONS 


In terms of the average miss distances measurel, 


changing the flight geometry of the missiie did not signifi-= 
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aobeowealber LLetsiceeptroi tity to «B@iejannimye within tae 
scope of these tests. 

Piltering the | deanecs the roll rate command channel ir 
the Laseline missile autopilot significantly decreased its 
PiseGcepetbility to EGM blinking at higuer frequencies. 

Ohanging the Geometry Of the attack had ro effect o1 the 
faematnde of the bark error Function and the frequency at 
which itS maximum occurred. 

Siang iG == ene rol lmEate=Caln@errone 0. Sesom 0 Ira i no 
hoticeable affect on the magnitude of the bank error func- 
tion and the frequency at which its maximum occurred. 

Changing the geometry of the attack had no effect or the 
frequency at which ECM was most effective against tne roll 
rate ccntrol system, however the magnitude of the errors 
were increased by apfroximately 50 percent when the pfoyup 
Maneuver was eliminated (configuration III). 

Deerecasing the rell rate autopilot gain from 0.5 tc 0.7 
(configuration IV) moved the resonant freguency for the rcil 
rate ccmmand system tca lower frequency but increased the 
Magnitude of the errors by more than 100 percent. BOS 
effect was reflected in the miss distance data Ev the disap- 
pearance of the distinct maximum at 6 HZ and a widening of 
the lower maximum. Altering the autopilot gain was effective 
at moving the resonant frequency to a ditferent region but 
could not eliminate its effect and, in this case enlarged 
nets 

Brrors in the azimuth and elevation tracking loops 
Beesely followed the trends of the autopilot and miss 
Gistance errors. At the lower freyuencies, azimuth ferforn- 
ance waS iominant while at higher frequencies the elevation 


tracking loop experienced the largest degradation. 


Bo 


C. Snare LOU RN. CONZRGL 


The use of skid-to=-turnm cGontrol laws could not Yrediee 
sufficient siceforce to adequately follow a passive crossing 
target and produced excessive coupling into the longitudinal 


and sisat cua emer ght Cent eomemocenc 16) Missi ven 


DD. BALL Ico Cee TACK SecpOr ar Le 


The attempt tow*fly a ballistic trajectory using eee 
existing altitude control system was unsuccessful. In crder 
to fly the attempted profile, a major redesign cf the 


missile's autopilot wculd be necessary. 


36 


VI. RECOMMENDATIONS 

Nays Of DininuzZrne thepertect Of Seaniom perturbations if 
meen tarjet poSition due to radar glint will make a Signifi- 
cant improvement in the missile's accuracy in the absence of 
ECM and shoulc be developed. 

Further testing should be conducted to determine the 
extent to which autopilot modifications and gain adjustmrents 
can @ecrease the effectiveness of an ECM blinker against a 
rank to turn missile. 

Since tre elimination of a popud increased roil rate 
errors by 50 percent, a popup profile is recommended fer the 
terminal phase of a BTT cruise missile. Further testing 
Should be conducted to determine the effects of different 
Popup profiles on the susceptibility of the roll sate 
command system to ECM blirking. 

Since the miss distances without ECM and clint were 
very smali compared to those with verv slow [Elinking 
frequencies (0.05 to 0.2 dH2), further tests should be run 
concentrating on ECM in the very low frequency range. These 
tests should obtain a much larger sample of ECM phases in 
crder to best define the shape of the miss distance curve 
below 0.2 Hz. 


APPENDIX A 
FIGURES 





Pigure A.1 Load Pactor Commands. 
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